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Main reason:  Understand what is the dynamics behind electroweak 
symmetry breaking, which is responsible for the generation of mass 
of all elementary particles known so far.

 Are there elementary Higgs bosons ?

Why is the weak scale so much smaller than the Planck scale ? 

Neutrino Masses ?

Dark Matter ?

New Physics at the Weak Scale ?



Extra Dimensions
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Extra Dimensions

Extra dimensional scenarios can address some of these open questions

I will talk about three possible implementations:

Large extra dimensions:    Only gravity propagate into them. They solve the 
hierarchy problem by lowering the fundamental Planck scale

Universal Extra Dimensions:    All fields propagate into them. The 
compactification radius should be at least of the order of the (inverse)      
TeV scale, in order to avoid phenomenological problems

Warped extra dimensions:    Non-trivial extra dimensional metric.  All 
fundamental parameters are of the order of the Planck scale. Weak scale is 
obtained by exponentially small warp factor. 



Large Extra Dimensions



Lowering the Planck Scale
• Idea: We live in a four dimensional wall, but there are extra

dimensions and only gravity can penetrate into them.

• Problem: If gravity can penetrate intro the extra dimensions,
Newton law will be modified

!F =
m1m2r̂

(
M fund

Pl

)2+d
r2+d

(51)

• M fund
Pl = Fundamental Planck Scale. Behaviour valid for r ! R. For

r " R, instead
!F =

m1m2r̂
(
M fund

Pl

)2+d
r2Rd

(52)

• Hence,
M2

Pl =
(
M fund

Pl

)2+d
Rd (53)
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Size of flat Extra Dimensions

• Let’s assume that the fundamental Planck scale is of the order of 1
TeV, to solve the hierarchy problem.

M2
Pl = (1TeV)2+d Rd (58)

• Then, the value of R is given by

R = 1032/d10−17cm (59)

• For d = 1 we get R = 1015 cm → Excluded

• For d = 2 we get R " 1 mm → Allowed !

• For d = 6 we get R " 10−12 cm.

• The scenario is allowed for d ≥ 2
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Would demand somewhat larger 
fundamental Planck scale 



How can we probe ED from our 4D wall (brane)?

Flat case (k = 0) : 4-D effective theory:
SM particles + gravitons + tower of new particles:

Kaluza Klein (KK) excited states with the same quantum numbers
as the graviton and/or the SM particles

Mass of the KK modes =⇒ E2 − !p 2 = p2
d =

∑
i=1,d

n2
i

R2 = M2
G!n

imbalance between measured energies and momentum in 4-D

Signatures:
• Coupling of gravitons to matter
with 1/MPl strength

R−1 ! 10−2 GeV (d = 6);
1/R ! 10−4 eV (d = 2);

(a) Emission of KK graviton states: Gn ⇔ E/T

(gravitons appear as continuous mass distribution)

(b) Graviton exchange 2→ 2 scattering
deviations from SM cross sections
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Fundamental Planck Scale
• The number of KK modes at energies below a given one can be easily

computed.

• In d = 1, for instance, the KK masses are n/R and hence,

NKK(MKK < E) = E ×R (55)

• It is simple to convince yourself that, for d extra dimensions, one gets

NKK(MKK < E) = (E ×R)d (56)

• Hence, the interactions becomes strong at

E2

M2
Pl

RdEd = 1→M2
Pl =

(
M fund

Pl

)2+d
Rd (57)

• That is the same result we obtain before, by other methods.
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Effective Cross Sections

• Let us consider the emission of gravitons in the collision of electrons
and positrons (protons and antiprotons).

• Final state will be γ + Missing energy (jets + Missing Energy)

• Each graviton extremely weakly coupled but cross section will be
given by the sum of the individual KK graviton production cross
section, scaling with NKK.

• Again, the effective gravitational constant appears and we get

σ ! 1
M2

Pl

E2
(
EdRd

)

M2
Pl

(60)

σ ! 1
s

( √
s

M fund
Pl

)2+d

(61)
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Flat Extra Dimensions

Emission of KK graviton states

pp→ g GN (GN → E/T ) −→ jet+E/T

Cross section summed over full KK towers

=⇒ σ/σSM ∝ (
√

s/M fund
Pl )2+d

Emitted graviton appears as a
continuous mass distribution.

Discovery reach for fundamental Planck scales on the order of 5–10 TeV
(depending on d = 4,3,2)
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Black Hole Production ?

• Two partons with center of mass energy
√

s = MBH , with
MBH > Mfund

Pl collide with a impact parameter that may be smaller
than the Schwarzschild radius.

RS " 1
Mfund

P l

(
MBH

Mfund
P l

) 1
d+1

• Under these conditions, a blackhole may form

• If Mfund
Pl " 1 TeV → more than 107 BH per year at the LHC

(assuming that a black hole will be formed whenever two partons
have energies above MPl).

• Decay dictaded by blackhole radiation, with a temperature of order
1/RS . Signal is a spray of SM particles in equal abundances: hard
leptons and photons.

• At LHC, limited space for trans-Planckian region and quantum
gravity.
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Black Hole production at the LHC

1

10

10 2

10 3

10 4

10 5

10 6

10 7

10 8

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
MBH, GeV

d
N

/d
M

B
H

 ×
 5

00
 G

eV
MP = 1 TeV

MP = 3 TeV

MP = 5 TeV

MP = 7 TeV

Dimopoulos and Lansberg; Thomas and Giddings ’01

Sensitivity up to M fund
Pl ! 5− 10 TeV for 100 fb−1.
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Universal Extra Dimensions
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Matchev and Kong’06;  Feng, Rajamaran, Takayama’03; Shah & Wagner’06

Tait, Servant’02



Warped Extra Dimensions



Warped Extra Dimensions

• Space is compact, of size 2 L, with orbifold  conditions  x, y                   x,-y

• Brane at y = 0  ( Ultraviolet or Planck Brane)

      Brane at y = L  (Infrared or TeV Brane)

• Non-factorizable metric:                                         solution to 5d Einstein equations

• Newton’s law modified:  5d Planck mass relates to MPl:

 ! Natural energy scale at the UV brane: Fundamental Planck scale

      At the TeV brane, all masses are affected by an exponential warp factor:
.

                                                                          Assuming fundamental scales all of same order:

                                                                                                Solution to Hierarchy problem :

                                                                                 Higgs field lives on the TeV brane

                                                                                                                         with kL ~30

Solution to the Hierarchy Problem

 

ds
2
= e

!2k |y|
"µ#dx

µ
dx

v
+ dy

2

)1(
2

)( 2
3.

2 kL
fund

Pl
Pl e

k

M
M !
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.fund

PlM!

e
!kL
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e3ky/2

The Randall-Sundrum Model of Warped Space:
                   ==> elegant solution to the hierarchy problem

RS With Bulk Fermions and Gauge bosons:

!  Higgs field must be located in the IR brane, but SM fields may live in the bulk.

!  Fermions in the bulk: ==> suggestive theory of flavor

  -- SM fermion masses related to the size of their zero mode wave function at the IR

                Localization determined from bulk mass term: Lm = cf k!!

IRUV

f0L(y)

Boundary conditions for f(y) at the branes 

(UV, IR) = (+,+)  ==>  zero mode

If b.c. (-,+), (+,-) or (-,-) ==> no zero mode

         KK mode expansion: 

!L ,R (x, y) = e3ky " L ,R

n

n

# (x) fL .R

n (y)

-- The KK spectrum is defined in units

  of               of factors that depend on cf

  and is localized towards the IR brane
 
!k = ke

!kL

!

ky

e3ky/2



     Hierarchical fermion masses from localization

          FCNC and higher dimensional operators

         suppressed for the light fermion families

         Many KK excitations of bulk SM fields

                     ==> rich phenomenology

!
NP

" 10  TeV

All KK modes are localized towards the IR brane  ==> large corrections to SM

gauge boson masses and couplings due to mixing induced by the Higgs

Stringent bounds on the scale of new physics

Does the original RS model pass the test of precision measurements 

 and allow for new excitations of SM particles at the reach of the LHC?

W ,Z,g,!

! heavy

UV brane IR brane

 Higgs + KK modes

Since all KK modes tend to be localized towards the IR brane,  
and the heavy SM fermions should also be localized towards this 
brane, KK glons couple strongly to top quarks. 

All KK mode masses are quantized in units of π k exp(−kL),

mn = (x1 + (n− 1)π)k exp(−kL)

where x1 " 2.5 for gauge bosons and 3.8 for gravitons. For even fermions,
it depends on the localization, but it is similar to gauge bosons.
In general, it depends on localization and on brane terms.

(see Neubert’s talk)
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Top pairs from KK gluons
• Nice signal above SM top 

production

• PDF and stat. errors shown, 
assuming 100  

• Width/Mass ~17%
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Figure 3: Invariant mass distribution of tt̄ pairs coming from the KK gluon resonance, and SM
tt̄ production. The errors shown on the background curve are the statistical errors assuming
100 fb−1 of luminosity.
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Figure 4: Invariant mass distribution of the decay products for several masses of the KK gluon.
This assumes all tt̄ events are fully collimated. “BG” is QCD dijet production. All jets are
required to have pseudo-rapidities |η| < 0.5, and at least one to have pT > 500 GeV. The errors
shown on the background curve are the statistical errors assuming 100 fb−1 of luminosity.
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Figure 2: Total cross-section for production of the first KK gluon, as a function of KK mass.

3 Discovery

3.1 Cross Section

The KK excitations of the gluons will appear as resonances in the process pp → qq̄, primarily
decaying in the tt̄ channel. The branching ratio for g(1) → tt̄ is 92.5% (and another 5.5% is
to bb̄, with the rest to light quark jets). To study the signal we have simulated the process
qq̄ → g(1) → qq̄ using MADGRAPH and MADEVENT [12]. A plot of the inclusive cross section
as a function of the resonance mass is shown in Fig. 2. The width of this resonance with the
fermion configuration in Eq. 3 is

Γ/M ≈ 0.17. (6)

Figure 3 shows the tt̄ invariant mass distribution from KK resonances, demonstrating that
with efficient top quark identification it should be visible above the SM tt̄ background up to
relatively high masses. This will require reconstructing the tt̄ pair to identify the relatively
narrow resonance in the mtt̄ distribution. Clearly, identifying the top pairs will be crucial to
the discovery and study of the KK-gluon and experiments will have to be as efficient as possible
in identifying tops.

To emphasize the importance of top ID, consider the worst case scenario in which a top
jet is not distinguished from a QCD jet. We compare the signal with QCD dijet production.
We show the rates for dijets, with both pseudo-rapidities < 0.5 and the leading jet pT > 500
GeV in Fig. 4. We see that even selecting the events to be very central and containing high
pT jets, signal identification is difficult. The raw dijet rate is overwhelming even with these
cuts. Although more refined cuts could reduce the background, they are probably not enough
without some top-quark ID.

4

Cross-section at LHC reasonable, 
limited by small coupling to light 
fermions, and lack of glue-glue 

coupling

dσ
/d

m
(p

b/
G

eV
)

mtt̄

mKK

σ
pb

B. Lillie, L. Randall, L. Wang  hep-ph/0701166

M_tt (GeV) 

(TeV)



More realistic reach estimates

• When heavy gluon KK modes decay into top-quarks, tops are heavily 
boosted

• Reach depends on proper top quark identification and control of 
backgrounds. 

• KK gluons decaying dominantly into right-handed top quarks may be 
discovered up to masses of 4 TeV.  (Agashe et al’07, U. Baur, L. Ohr’08)

• Measurement of the inclusive top cross section may provide 
information on the particular RS model, and,  in particular of the size 
of the IR brane kinetic terms.  (Lillie, Tait, Shu’07).  



Models with Custodial 
Symmetries



Effects of KK modes of the gauge bosons on Z pole observables

• Large mixing with Z and W zero modes through Higgs

Large corrections to the Mz/Mw ratio

                   (T parameter)

M
KK

! 5 "10  TeV

•    Top and bottom zero modes localized closer to the IR brane 

Large gauge and Yukawa couplings to Gauge Bosons and fermion KK modes

                                        Large corrections to the Zbb coupling

!

!

x x x x
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x
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Csaki et al’02; Hewett et al’02, Pomarol et al’02



1)  Extend SM bulk gauge symmetry to a custodial symmetry

How to obtain a phenomenologically interesting theory?

SU(2)L x SU(2)R 

2) The custodial symmetry together with a discrete L     R    symmetry

and a specific bidoublet structure of the fermions under

!

SU(2)L x SU(2)R

==> reduce tree level contributions to the T parameter and the  Zbb coupling

             that allow for lightest KK gauge bosons with MKK~ 3 TeV 

x x x x x xx x

x x x x

Agashe, Delgado, May, 

Sundrum ‘03

Agashe, Contino, DaRold, 

Pomarol ‘06T 3
R(bL) = T 3

L(bL)



How light can the KK modes be?

Corrections to the Mz/Mw  ratio and the Zbb coupling:

At tree level:

• T and Zbb protected by custodial symmetry only broken by b.c. at UV brane:

– Governed by KK gauge boson mixing with gauge bosons

– mixing with fermion KK modes affecting Zbb naturally reduced by bidoublet structure

• Contributions to S are less model dependent and always positive

At loop level:

• One loop corrections are important

          Quantum corrections are calculable (finite)

        --   Bidoublets contribute negatively to T

– Singlets contribute positively to T (need singlets)

– Vector like contributions to S are small and positive

– Large positive T leads to large positive

,!
n

d
,t
n

,!
n

d
,t
n

!gbL " !Zbb

M.C, Ponton, Santiago, Wagner, ‘06-’07
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For mh ~ 120 GeV: Positive S ~ 0.1 <==> positive T 

T-S fit to Electroweak Precision observables

M.C, Delgado, Ponton, Tait and Wagner

LEPEWWG  T-S global fit  

Solid lines: 68% C.L

Dashed lines: 95% C.L. contours



Correlation between corrections to T and Zbb

T has negative values in most of the
parameter space. Positive values

require:   RH top “almost flat”  and
LH top/bottom near the IR

UV        (singlet localization)      IR

T

Positive T leads to large
deviations from allowed

experimental values of Zbb

T

2!  experimental bound

c2

to the group theory factors associated with the 10-dimensional representation of SO(5) it is

impossible to accommodate the observed top mass unless the SU(2)L singlet top comes from a

5. The SU(2)L doublet components can arise either from a 5 or a 10 of SO(5).5 Therefore, in

the top quark sector, only the bidoublet and singlet localized masses (M̂Q and M̂u) are relevant.

The localized masses also affect the spectrum of KK modes and have the important conse-

quence that they make the light states even lighter. Based on this observation we see that

• The bidoublet localized mass, M̂Q, by pushing the χ states to lower masses, has the effect

of enhancing the negative contributions to the T parameter discussed in section 3.

• The localized mass M̂u can also generate light states in the singlet towers, which in general

enhances their positive contributions to the T parameter.

We find that whenever the bidoublet mass, M̂Q, is appreciable, the negative contributions to

the T parameter are very important. In fact, if the top mass is generated only from M̂Q, T

is negative for all c1 and c2, the localization parameters for the two SO(5) multiplets that

generate the top quark [12].

Given the restrictions imposed by the top quark mass, and in order to obtain positive

values of T , we consider the case with only quintuplets of SO(5), and choose the parities so

that bidoublet mixing masses are forbidden:

ξ1L ∼ Q1L =

(
χu

1L(−, +) qu
L(+, +)

χd
1L(−, +) qd

L(+, +)

)
⊕ u′

L(−, +) ,

ξ2R ∼ Q2R =

(
χu

2R(+,−) q′uR (+,−)
χd

2R(+,−) q′dR(+,−)

)
⊕ uR(+, +) ,

(55)

where, under SU(2)L × SU(2)R, Qi ∼ (2, 2) for i = 1, 2, and u and u′ are singlets under this

symmetry. All multiplets are taken to have charge X = 2/3. The parities of Q1 and u are

fixed by the unbroken SU(2)R symmetry on the IR brane, and by the low-energy content. The

parities of Q2 are chosen so the bidoublets cannot mix through IR brane localized masses, and

the parity of u′ is then fixed so a singlet mixing mass, that generates the top quark mass, can

be written:

δ(L − y)
[
M̂uū

′
LuR + h.c.

]
. (56)

5When both a 5 and a 10 are used, only the bidoublets in each multiplet can mix, due to the unbroken
SU(2)L × SU(2)R symmetry on the IR brane. Maximizing the top Yukawa coupling requires maximizing the
mixing. If one assigns the singlet to the 10 and makes the mixing large, one finds a situation where effectively
both chiralities come from a 10, which leads to a small top mass. Therefore, the singlet must come from a 5.
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Figure 6: Contribution to the T parameter involving the KK modes of Eq. (55), which couple
to the Higgs through the top Yukawa coupling. We use k̃ = 1.5 TeV and mtop = 167 GeV.

where k̃ = ke−kL, and ∆Sf is the contribution from the fermion loops given in Eq. (44). In

Fig. 7 we show ∆Sf as a function of c2 for several values of c1. We see that, as we said, it is

positive and much less dependent on the parameters of the model.

For a light Higgs with mH ! 115 GeV (recall that gauge-Higgs unification models typically

predict a light Higgs), a 2σ bound on S ∼< 0.3 appears [20]. In order to be consistent with the

2σ S-T bounds for the largest allowed values of S, a positive contribution of T ≈ 0.3 is also

required. The bound on S leads to a lower bound k̃ ≈ 1.2 TeV (this includes a contribution

∆Sf ≈ +0.06), which corresponds to KK gauge boson masses of MKK ≈ 2.5 k̃ ≈ 3 TeV. In

turn, the positive contribution to T can arise from the 1-loop effects associated with the top

sector discussed above, for specific values of the bulk mass parameters. For example, taking

c1 = 0, this can be obtained for c2 = −0.468. The top mass fixes M̂u ≈ 2.91. The gauge

contributions to the T and U parameters of Eq. (20) are negligible (∆Tgauge ≈ −0.006 and

∆Ugauge ≈ 0.005).

For the above values of parameters, one also finds δgb L/gb L ≈ 0.8 × 10−3, arising from the

gauge contribution in Eq. (25). There are also potentially important loop-level contributions
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FIG. 1: Correlation between the one-loop contributions to the T parameter, denoted by ∆T , and

the one-loop contributions to δgbL
/gbL

in the model of Eq. (5). We show representative curves

for a few values of the left-handed top quark localization parameter, c1, and the bottom quark

localization parameter, c3, as the right-handed top localization parameter, c2, is varied. We take

the mass of the first KK excitation of the SU(2)L gauge bosons mgauge
1 = 3.75 TeV. The band

corresponds to the 2-σ bound on δgbL/gbL, assuming no large corrections to the ZbRb̄R coupling.

give the analytic expressions here since they are somewhat complicated. The dominant

contribution arises from the singlet, but the mixing terms can also give a relevant effect.

It should be noted that, although these contributions depend on several mass and mixing

parameters, within the context of an extra dimensional theory all of these are highly corre-

lated by the shape of the wavefunctions. As an example, we show in Fig. 1 the correlation

between the one-loop contributions to T and the ZbLb̄L vertex in the gauge-Higgs unification

scenario based on the SO(5)× U(1)X gauge symmetry, and with the fermion content given

in Eq. (5). In particular, we see that in the region where T becomes positive, the one-loop

contribution to the ZbLb̄L vertex increases, and cannot be neglected in the EW fit. In the

figure, we did not include the tree-level contributions to the T -parameter from gauge KK

mode exchange, which are subdominant.

Given the importance of these one-loop corrections, we have formally added them to the

effective Lagrangian at the same level as the tree-level corrections computed in the previous

11

EW Precision Measurements and Light KK states
in Warped Extra Dimensions

M.~Carena, E.~Ponton, J.~Santiago and C.~E.~M.~Wagner,
Nucl.Phys.B759:202-227,2006 and hep-ph/0701055

Model based on an extended custodial symmetry, leading to small 
corrections to the T parameter and the Z-coupling of bottom quarks.   

c2 : Right-handed top bulk mass



                             EXTRAS

Preferred Region of parameters

Information on bulk mass parameter
values of the right- and left-handed 
top quark fields determined

c2 ! ±0.4
|c1| < 0.3

Best fit obtained for negative
values of c2.



Gauge Higgs Unification

Idea: Can we get the Higgs from the scalar, five dimensional 
component, of the gauge fields

Problem: The quantum numbers of the gauge fields we 
discussed so far do not allow such a possibility

Can we extend the gauge symmetry to realize such a 
possibility

New symmetry must be broken on both branes (Dirichlet)

Scalars acquire Neumann boundary conditions in such a case 
and present zero modes (Higgs bosons)

Manton’79, Hosotani’83



Higgs From Gauge Fields in Warped Extra Dimensions  

UV: SU(2)L × U(1)Y SO(4) × U(1)X " SU(2)L × SU(2)R × U(1)XIR:

Extra gauge bosons have the quantum numbers of the Higgs

No tree-level Higgs potential → induced at one-loop (calculable)

Coleman-Weinberg potential has been computed for the model considered
here by Medina, Shah and C.W. (to appear)

SO(5)/SO(4) Aâ

µ(−,−) Aâ

5(+,+)→
Identify
with H

Bulk gauge symm: SU(3)c × SO(5) × U(1)X SO(5) ⊃ SU(2)L × SU(2)R→

EWSB minima in large regions of parameter space

Can be consistent with Z, W, top masses and Higgs LEP bound

A. Medina, N. Shah, C.W. , Phys. Rev. D 76: 095010 (2007)

Contino, Da Rold, Pomarol’06
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Figure 6: c1 vs c2. Blue crosses represent the linear regime, red x’s the non-linear regime and black dots where a minimum
for the effective potential exists.

allow the introduction of custodial symmetries protecting the precision electroweak observables as well
as a Higgs field with the proper quantum numbers under the electroweak gauge groups. As a first step,
we computed the spectral functions of the fermions and gauge bosons of the theory when the Higgs field
acquires a vev. These are then used for the calculation of the effective potential for the Higgs. We demand
non-trivial minima that lead to the proper values of the gauge boson and fermion masses in the low energy
theory. This requirement leads to a selection of a restricted region of parameters. Interestingly enough, the
selected regions of parameters coincide with the ones previously selected in order to obtain good agreement
with the precision electroweak observables.

Our main result is the computation of the Higgs and KK mass spectra. Demanding that the KK gauge
bosons be accessible at the LHC, and also be in the linear regime associated with a SM-like low energy
effective theory, we obtain Higgs boson masses which are between the present experimental bound on this
quantity and about 160 GeV. This range of masses will be tested first at the Tevatron, and then at the
LHC collider in the near future.

The KK fermion spectrum also shows interesting features. We find that there are KK fermions which
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Values of c2 and c1 leading to consistent values
of the gauge boson and third generation masses

Consitent with values necessary for a good agreement with precision
electroweak measurements

A. Medina, N. Shah, C.W. , Phys. Rev. D 76: 095010 (2007)
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Figure 3: Higgs Mass vs top mass in GeV, zoomed in region. Blue crosses represent the linear regime, red x’s the non-linear
regime.

point out that the effective potential is a completely well behaved function of all the parameters, therefore,
we expect that the gaps in our scanned space are smoothly filled. We found that even though for some
value of the other parameters, non-trivial minima existed for nearly all the regions of ci and MBi, we only
found phenomenologically consistent top and bottom masses in the following regions of parameter space,
0 ≤ |c1| ≤ 0.3, 0.35 ≤ |c2| ≤ 0.45, 0.55 ≤ |c3| ≤ 0.6, 1 < MB1 < 2.5, MB2 < 1 and MB2 < MB1 . Though the
results show a skew symmetry between positive and negative values, we decided to concentrate on negative
values of c2 and c3, since interestingly enough, this is the region which is consistent with electroweak
precision measurements. Furthermore, positive values of c1 lead to a smaller overlap of the left-handed
top and bottom zero modes with physics at the IR brane, leading to a stronger suppression of potentially
dangerous flavor changing operators. Therefore, it is in this region where we performed a more thorough
scan taking smaller steps for the ci. The results are presented in the following figures.

In Figure 1 we notice a clear trend in the relation between Higgs and top-quark masses, where on the plot
we have included the bigger coarse scan of parameter space. Focusing on the interesting phenomenological
region, we see in Figure 3 that in the linear regime we get Higgs masses that tend to be above 115 GeV,
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In the linear regime, Higgs mass is predicted to be
between the current experimental limit and 160 GeV

Blue points: Couplings of Higgs SM-like (linear regime)
Good agreement with precision measurements

Medina, Shah, Wagner ‘07
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Medina, Shah, Wagner ‘07

In these models KK gluons are  strongly coupled to KK tops and KK 
tops provide their dominant decay branching ratio
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LHC Discovery Reach
First KK mode of the top decays mostly into  W and 
bottom-quarks

Two points were explored, on the blue and red lines. In the 
first the KK top may be discovered with 100  inverse fb, in 
the second with 300 inverse fb. 

QCD
reach



Dark Matter may be included by extending the model to 
include a new Z2 discrete symmetry which affects certain 
states

New symmetry relates the localization of new odd states 
with the new ones

KK gauge bosons, odd under this symmetry may provide a 
dark matter candidate

Lepton sector of the model: Neutrino masses may be 
generated by a five dimensional generation of the See-Saw 
mechanism.   Odd Neutrinos, mostly right-handed, can also 
provide alternative dark matter candidates. 

Such model predicts a direct dark matter detection rate only 
an order of magnitude below the present limits and therefore 
soon testable at XENON and CDMS.  

Dark Matter 

Carena, Medina, Shah, Wagner’09

Panico, Ponton, Santiago,  Serone;   Agashe, Falkowski,Low, Servant’08



Conclusions 

Extra Dimensions present an exciting alternative scenario for physics 
beyond the standard model

 If large extra dimensions exist, they may provide a test of quantum 
gravity effects at the weak scale

Universal extra dimensions lead to a scenario with similar signatures 
and properties of supersymmetry, including Dark Matter and Missing 
Energy signatures.

Warped extra dimensions with SM fields propagating in the extra 
dimension, lead to a solution of the hierarchy problem, to interesting 
approach to the flavor problem and to possible exciting signatures at 
the LHC.  Gauge Higgs unification may be realized and dark matter may 
be incorporated.

Only a fraction of the volume of work in this field has been presented 
here. I invite you to explore the fascinating world of extra dimensions.
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The model

               Bulk gauge symmetry :  SU(2)L x SU(2)R x U(1)X x PLR

            Broken by Boundary conditions to                             in the UVSU(2)L x U(1)Y

The gauge sector:

W
Lµ

a
~ (+,+)             Bµ ~ (+,+)

W
Rµ

b
~ (!,+)             Zµ

'
~ (!,+)

(+,+)    zero modes

==> Unbroken gauge symmetries

(-,+); (+,-); (-,-) no zero modes

 ==> broken gauge symmetries 
a = 1,2,3,     b = 1,2     

Bµ  and Zµ

'  are orthogonal l.c. of W
Rµ

3  and Xµ

Hypercharge : 
Y

2
= T

R

3
+Q

X
           Electric charge:   Q = T

L

3
+ T

R

3
+Q

X

PLR symmetry ==> gL=gR



The simplest option is
bidoublets under

The Higgs is also a bidoublet with

Fermion Quantum Numbers

with   Q = 2 3

!



   

Simultaneously, the linear coupling of the Higgs becomes 
more SM-like

Correct W, Z and top quark masses marked by blue and 
red in the following

We will denote                  less than  0.3 as linear regime 
(blue)  and larger than 0.3 as non-linear regime

Effective Potential

We will identify the first zero of these equations with the masses of W and Z, respectively, and we shall
denote the masses of the first excited states as mW 1 and mZ1, associated with the second zeroes of both
equations.

We can gain some physical insight if we look at Eq. (18) in the limit h = 0. In that case, this equation
reduces to,

S4(L,mn)S′3(L,mn)C ′4(L,mn) = 0 (20)

We can identify the zeroes coming from C ′4(L,mn) = 0 with the KK mass spectrum of the 4 gauge bosons
belonging to SU(2)L × U(1)Y which are even on both the UV and the IR branes. In the same way, we
identify the zeroes of S′3(L,mn) = 0 with the KK spectrum of the 3 SU(2)R gauge bosons which are odd
on the UV brane and even in the IR brane. S4(L,mn) = 0 is identified with the KK spectrum of the 4
SO(5)/SO(4) gauge bosons which are odd on both the UV and IR branes. Thus in Eq. (18) we associate
the photon KK spectrum with the zeroes of C ′(L,mn) = 0.

2.1 Gauge Boson Form Factors at Low Energy

At small momenta, below the scale k̃ ≡ k exp(−kL), the form factor for the W gauge bosons can be
approximated by

FW (−p2) ≈
g2f2

h

2p2
g =

g5√
L

. (21)

From the last equation, we can find an analytic expression for the W-mass:

m2
W ≈

g2f2
h

2
sin2

(
λGh

fh

)
+ O(m4

W /k̃2). (22)

From this expression we can calculate the Higgs-W-W coupling λHWW at linear order, by simply taking
the derivative of m2

W with respect to the vev of h:

λHWW =
∂m2

W

∂h
= g2λGfh sin

(
λGh

fh

)
cos

(
λGh

fh

)
= gmw cos

(
λGh

fh

)
→ gmw (23)

where we used λ = 1/
√

2. We notice that in the limit λGh/fh ' 1 we recover the Higgs-W-W SM coupling.
We will discuss the physical implications of the above limiting case in section 5.

3 Fermionic KK profiles

The SM fermions are embedded in full representations of the bulk gauge group. The presence of the
SU(2)R subgroup of the full bulk gauge symmetry ensures the custodial protection of the T parameter
[11]. In order to have a custodial protection of the ZbLb̄L coupling, the choice T 3

R(bL) = T 3
L(bL) has to

be enforced [12]. An economical choice is to let the SM SU(2)L top-bottom doublet arise from a 52/3

of SO(5) × U(1)X , where the subscript refers to the U(1)X charge. As discussed in [2], putting the SM
SU(2)L singlet top in the same SO(5) multiplet as the doublet, without further mixing, is disfavored since
for the correct value of the top quark mass this leads to a large negative contribution to the T parameter
at one loop. Hence we let the right-handed top quark arise from a second 52/3 of SO(5) × U(1)X . The
right handed bottom can come from a 102/3 that allows us to write the bottom Yukawa coupling. For
simplicity, and because it allows the generation of the CKM mixing matrix, we make the same choice for

6

λh/fh

fh ! k exp(−kL)→ As λh/fh goes down,
the KK scale goes up



Warped Case

• Graviton KK modes have 1/TeV coupling strength to SM fields and
masses starting with a few hundred GeV.

• KK graviton states produced as resonances.

• One can rewrite the warp factor and the massive graviton couplings
in terms of mass parameters as:

exp(−kL) =
mn

kxn

Λπ "
M̄Plm1

kx1

(62)

with x1 " 3.8, xn " x1 + (n− 1)π.

• Calling η = k/M̄Pl, one gets that the graviton width is

Γ(Gn) " m1η
2 x3

n

x1
(63)

Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI



• Warped Extra Dimensions
Narrow graviton resonances: pp→ GN → e+e−

From top to bottom: k/MP l = 1, 0.5, 0.1, 0.05, 0.01

0

2

4

6

8

10

12

14

16

-0.5 0 0.5
SM

gg

qq
_

Spin-1Ev
en

ts
/0

.2

cos(  *)θ

! Angular distributions reveal spin of resonance
Physics Beyond the Standard Model Carlos E.M. Wagner, Argonne and EFI



                                       in lepton plus jets events, (CDF note 8495)

==> examine W+j mass spectrum distributions and compare with a fourth gen. q’

                                      in events with 2 leptons + >3 energetic jets (CDF note 8590)

==> look at the tails of the jet energy distribution for an excess over SM

Tevatron lower bounds on KK quarks

 of 1. and 2. Generations  (~1fb-1)

ALLOWED

clight

Combined lower limit on 

      from EW fit and   ==>

direct Tevatron searches
 
!k

If KK modes of light quarks exist, Tevatron searches disfavor  

strong localization of such KK quarks towards the UV brane  

M.C, Ponton, Santiago, Wagner ‘07 

==> W+j 

==> Z+j 

pp! q 'q '! 2W + 2 j

pp! q 'q '! 2Z + 2 j

Searches for new quarks from warped space at the Tevatron

 
!k

M. Carena, E. Ponton, J. Santiago, C.W.’07



Details of fermion sector
The fermion sector is more model dependent. Built out of

5 ∼ (2, 2) ⊕ 1 10 ∼ (2, 2) ⊕ (3, 1) ⊕ (1, 3)and

In gauge-Higgs unification scenarios Yukawa’s arise from gauge coupl.

Flavour structure from mixing via IR localized mass terms

ξi
1L

∼ Qi
1L

=

(

χui

1L
(−,+) qui

L
(+,+)

χdi

1L
(−,+) qdi

L
(+,+)

)

⊕ u′i
L
(−,+) ,

ξi
2R

∼ Qi
2R

=

(

χui

2R
(−,+) q′ui

R
(−,+)

χdi

2R
(−,+) q′di

R
(−,+)

)

⊕ ui
R
(+,+) ,

ξi
3R

∼ T i
1R

=





ψ′i
R
(−,+)

U ′i
R

(−,+)
D′i

R
(−,+)



 ⊕ T i
2R

=





ψ′′i
R

(−,+)
U ′′i

R
(−,+)

Di
R
(+,+)



 ⊕ Qi
3R

=

(

χui

3R
(−,+) q′′ui

R
(−,+)

χdi

3R
(−,+) q′′di

R
(−,+)

)

cL, cR 1
st

, 2
ndlocalization of gen.

c1, c2, c3 3
rdlocalization of gen.

Other parameters relevant
the for EW fit: →

Lm = δ(y − L)
[

ū′

LM̃uuR + Q̄1LMuQ2R + Q̄1LMdQ3R + h.c.
]



•  Exotic quantum numbers of the KK fermions ==> spectacular new signatures

             Quarks with charge 5/3 and -1/3 have similar decay channels:

Non-negligible BR of KK fermion of Q= 2/3 decaying into KK fermion of Q= -1/3

==>

             Channels with 4 or even 6 W’s may allow early discovery of q’

•   More interesting phenomenology under study:

  -- Single KK fermion production,

  --  Deviations from Wtb coupling of ~ 10%  (within the reach of LHC)

• 3 generation KK  fermions with masses  ~1TeV can be discovered at the LHC

      with high luminosities ~100 fb-1

Dennis, Ünel, Servant, Tseng ‘07

KK Fermion Signatures from Warped Space at the LHC

Aguilar-Saavedra ‘05;

Skiba, Tucker-Smith’07;
Holdom’07pp! tt '!W

+
bW

"
b  with one W decaying leptonically

For smaller masses ~500 GeV < 10 fb-1 suffice + observability in Higgs decays viable

pp! u
2 /3
u
2 /3

!W
+
d
"1/3
W

"
d
1/3

! 4W + tt ! 6W + bb

MC, Ponton, Santiago, Wagner ‘07Reach of quarks of charge 5/3 decaying into two
equal sign leptons of about 1 TeV for 30 fb−1

Contino, Servant ‘08

M. Carena, A. Medina, B. Panes, N. Shah, C.W. ‘08Reach may be extended in  GHU models



A Word on FCNC

KK Gauge Boson (gluon) couplings depend on the localization of  fermions.

Therefore, in general, once the fermion mass matrices are diagonalized, FCNC 
coupling of gluons arise

This induce strong constraints on the KK spectrum (larger than 10 TeV) 
which, are, however, model dependent.

Particularly acute if one would like to get masses and mixing angle just from 
wave function profiles (C. Csaki et al’07)

One can demand a framework of “minimal flavor violation” in which the bulk 
c-masses are diagonalized together with the fermion Yukawa couplings       
(G. Perez, L. Randall’07).  Other flavor symmetries invoked (Cacciapaglia et al 
‘07, Santiago ‘08)

With a little bit of fine tuning, however, flavor constraints may be avoided 
(Neubert et al’08)


